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Abstract 

The development of novel materials based on renewable materials with beneficial properties that assist with 

energy efficiency and conservation has been encouraged by increasing consciousness of environmental issues. 

This research intends to use sustainable cellulose nanocrystals (CNC) obtained from oil palm empty fruit 

bunches (OPEFB) as reinforcement to enhance the properties of rigid polyurethane foam (RPUF). RPUF 

reinforcement with varied CNC concentrations (0.25–1 wt%) was examined by foaming behavior, surface 

morphology, mechanical properties, thermal insulation properties, dimensional stability, efficiency energy 

study, and CO2 reduction through their thermal conductivity values. The results achieved an optimal 

improvement of mechanical properties of the RPUF composite by around 23.53% compared to RPUF control, 

at the addition of 0.5 wt% of CNC concentration while maintaining the density of 37–39 kg/m3. Further, 

incorporating CNC improved thermal insulating performance by 9.95%, as reflected by decreased thermal 

conductivity from 0.0292 W/mK to 0.0269 W/mK and decreased cell size by 28.12%. Finally, based on the 

energy and cost efficiency studies, RPUF-CNC composites offer up to 0.78 kWh/m2 and 0.031 kWh/m2 

compared to conventional wall materials made of concrete and wood, respectively. Furthermore, it contributed 

to reduced greenhouse gas (GHG) emissions by 110 and 7.2 kg CO2/year compared to concrete and wood, 

respectively. This work demonstrates the promising use of eco-friendly building insulation materials to mitigate 

the energy and environmental crisis. 

 

Keywords: Biocomposite, Cellulose nanocrystal, Energy-efficient, Rigid polyurethane foam, Thermal insulation 

 

1 Introduction 

 

Energy is an important aspect of mankind that 

mobilizes transportation and the economy of each 

country. As the population grows, the energy demand 

also increases, leading to an energy crisis that impacts 

the environment and society [1]. In 2018, building 

construction accounted for about 39% of carbon 

dioxide gas emissions, particularly in some developed 

countries, where rapid growth in building floor area 

led to an increase in building energy demand of more 

than 20% between 2000 and 2017. Heat transfer via 

building envelopes accounts for 60–80% of heating 

and cooling loads [2]. It has been demonstrated that 

enhancing the thermal performance of the building 

exterior can significantly increase the overall 

efficiency of the building in terms of energy 

consumption. The first step to achieving an energy-

efficient building structure is by applying thermal 

insulation material to minimize the speed of heat 

transfer leading to a lower use of energy for air 

conditioners and heaters and thus saving energy [3].  

Polyurethane foam, particularly at the rigid cell 

structure, is known as rigid polyurethane foam 

(RPUF) and has been recognized as a promising 

insulation material due to credible evidence of cost 

savings, heat reduction, radiation prevention, and 

durability characteristics that can be achieved at low-

density within the range of 30–45 kg/m3. Thermal 

conductivity is an important property of RPUF due to 

its primary use as a thermal insulation material. The 

sustainability of RPUF in terms of energy 

conservation is also dependent on the retention of 

thermal conductivity. The capacity to sustain low 

thermal conductivity over an extended period of time 

despite a rise in thermal conductivity as the material 

ages. Several studies have been carried out, such as 

making RPUF by adding reinforcing materials such as 

aluminum diethyl phosphinate [4], BP@MoS2 

hydride [5], P/Cu-hybris silica aerogel (m-SA) [6], 

and graphene nanofiller [7] reinforcement to improve 

thermal and mechanical properties. However, the use 

of inorganic materials is expensive and 

environmentally unfriendly. Several recent studies 

reported that cellulose is one of the promising 

reinforcing materials in composite derived from 

renewable and eco-friendly to enhance mechanical 

properties and thermal insulation performance 

including coconut leaf stalk [8], bagasse [9], bamboo, 

and wood fiber [10]. A ball-milling process has been 

employed to synthesize composites of polyurethane 

with amorphous cellulose, resulting in a reduction of 

thermal conductivity to 33% [11]. The incorporation 

of natural fibers into polyurethane can improve its 

mechanical and thermal properties [12], [13]. The 

inclusion of nanocellulose reinforcement within a 

polyurethane matrix can enhance the dimensional 

stability of the nanocomposite [14]. In addition, the 

incorporation of hardwood porridge into a PU 

composite foam can increase cell size due to the 

presence of fibers [15]. 

As previously mentioned, cellulose has been 

recognized as a reinforcing filler that enhances 

mechanical and insulating properties. Cellulose is the 
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most abundant natural polymer, offering unique 

characteristics and benefits that enable its use in a 

wide range of applications, including composites, 

hydrogels, implants, filtration, packaging, paints, 

paper, and pulp. Cellulose can be derived from various 

sources, including wood, bacteria, annual plants, and 

algae. Besides cellulose, its derivatives are also widely 

explored in various fields [16]. Depending on the 

nature and local commodities, every country possesses 

abundantly available sources for cellulose production. 

Palm oil has been massively planted in Indonesia and 

Malaysia. Every 1 t production of palm oil will 

generate biomass waste in the form of oil palm empty 

fruit bunches (OPEFB) as much as 23% of which 

compose a high content of cellulose ranging from 

23.7% to 65.0% [17]. Cellulose derived from OPEFB 

has been reported to be deconstructed further into 

nano-sized materials, in the form of Cellulose 

nanocrystals (CNCs). The typical CNC morphology 

has a diameter of 1–100 nm with an elongated shape 

of 500–2000 nm, offering a high surface area, low 

density, low coefficient of thermal expansion, low 

aspect ratio, and high specific strength. Because of 

these features, cellulose nanocrystals have attracted 

great attention over the past few years. The CNC from 

oil palm waste offers advantages because of its highest 

productivity over other crops and, high cellulose 

content compared to various resources of biomass, 

including rice straw [18], sugarcane bagasse [19], 

bamboo fibers [20], and walnut shell [21]. 

In recent research, several groups have 

investigated the use of CNC in the reinforcement of 

polyurethane (PU). The incorporation of 0.6 wt% of 

CNC into rigid polyurethane foam resulted in reduced 

thermal conductivity of up to 6% compared to control 

under room and cryogenic temperatures [22]. The 

effects of CNC from algae that could improve the 

compressive strength from 4.5 kPa to 4.7 kPa of rigid 

polyurethane were investigated by Jonjaroen et. al., 

[23]. Redondo et al., [24] examined CNC derived 

from wood that could increase the compressive 

strength by 53.84% of rigid polyurethane. 

Furthermore, the incorporation of CNC from cotton 

into a segmented polyurethane foam matrix via 

effective dispersion could improve mechanical 

properties from 0.7 MPa to 1.3 MPa [25].  

The incorporation of low-loading CNC has been 

reported to yield promising results for enhancing the 

thermal insulation performance of RPUF using 

renewable nanomaterials [26]. CNC has been known 

as promising nanofillers and additives in various 

manufacturing products and materials including 

insulation materials. Alternative to provide eco-

friendly and sustainable sources of nanocellulose from 

various resources has gained significant interest from 

both academia and industries. CNC filler offers a 

lower production cost, which is below 10 USD/kg [27] 

compared to other nanofillers, such as chitosan (15 

USD/kg) [28] or inorganic nanoparticles including 

ZnO (840 USD/kg), Al2O3 (960 USD/kg), and TiO2 

(1543 USD/kg) nanoparticles [29]. Considering the 

significance of CNC over other nanofillers, herein, 

this research aimed to investigate the structure-

properties relationship of RPUF composites by tuning 

CNC from OPEFB in RPUF regarding physio-

chemical performances and insulation properties. 

Further, most studies have reported the properties of 

RPUF such as thermal conductivities and mechanical 

properties, without further impact analysis of the 

RPUF composite used as a thermal insulation on 

energy efficiency and GHG reduction. To the best of 

our knowledge, there are no studies that reported 

comprehensive analysis and calculation to determine 

the benefit of RPUF reinforcement CNC derived from 

OPEFB in energy efficiency and its environmental 

impact on GHG emission. Therefore, the potential of 

RPUF-CNC composites derived from OPEFB as 

thermal insulators to improve energy efficiency and 

CO2 reduction was also comprehensively studied to 

offer robust solutions in combating energy and 

environmental crises using sustainable materials.  

 

2 Materials and Methods 

 

2.1  Materials 

 

PT Mandiri Palmera Agrindo, Luwu, Sulawesi, 

Indonesia, generously gave oil palm empty fruit 

bunches (OPEFB). Technical grade NaOH, H2O2, and 

H2SO4 were bought from PT. Mahkota Jaya Raya. 

Polymeric methylene diphenyl diisocyanate (Part A) 

and polyol blend (Part B) were purchased from PT 

Justus Kimia Raya. 

 

2.2  Preparation of Cellulose Nanocrystals (CNC) 

 

The extraction process of microfiber cellulose (MFC) 

from OPEFB and further production of CNC was used 

based on our previous study [30]. MFC is isolated 

from OPEFB through a pretreatment process through 

a delignification process using NaOH 10 wt%, then 

bleached using H2O2 4 wt%, 5 grams of obtained MFC 

was hydrolyzed using 28 wt% of H2SO4 at 50 ℃ for 

3.5 h followed by centrifugation at 3000 rpm for 5 
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min. For neutralization purposes, dialysis was 

conducted for 4–5 days. The CNC solution was then 

freeze-dried for 4 days to obtain dried CNC. 

 

2.3  Preparation of RPUF-CNC composites 

 

Commercially available RPUF blends consist of 

polyurethane part B (polyol blend) and polyurethane 

part A (isocyanate) were combined in a 3:2 ratio to 

produce control RPUF (F0). A digital overhead stirrer 

running at 500 rpm for 15 s was used to mix the 

ingredients. RPUF composite formulations were 

produced by mixing CNC at various concentrations 

(0.25 wt%–1 wt%) as shown in Table 1. In Part B for 

15 seconds followed by mixing with Part A, denoted 

for example FC0.5, with 0.5 wt% representing the CNC 

concentration. 

 

Table 1: RPUF composites formulations. 
No Samples Mass of CNC (wt%) 

1 FC0 0.00 
2 FC0.25 0.25 

3 FC0.5 0.50 

4 FC0.75 0.75 

5 FC1 1.00 

 

2.4  Characterization of composites  

 

The foaming behavior of foam composite formation 

was monitored using a conventional cup test, which 

measured various parameters, including cream time, 

gel time, free-rise time, and tack-free time. 

The foam composites were analyzed using a 

Fourier Transform Infrared spectrophotometer (FTIR 

Nicolet 1S5-Thermo Scientific/ASB 1706545) with a 

diamond attenuated total reflection (ATR) accessory. 

The spectra were recorded in the wavenumber range 

of 400–4000 cm−1.  

The compressive strength and Young’s modulus 

were determined using the universal testing machine 

(Tensilon) at a speed of 2 mm/min and load cell of 10 

kN to a maximum of 10% deformation. The specimens 

were cut into rectangular shapes according to the 

specifications outlined in ASTM D1621-10 with 

dimensions 50×50×40 mm. A minimum of five 

specimens were tested in parallel and perpendicular 

orientations relative to the foam rise direction. 

The density of the foam composites was 

determined by calculating the ratio of the sample 

weight to its volume using a precision electronic 

balance and digital calipers in accordance with ASTM 

D1622. 

The morphology of the foam composites was 

analyzed using a scanning electron microscope (JEOL 

JSM IP300) at 20 kV. The statistical analysis of the 

cell size was conducted on the basis of the SEM image 

using ImageJ 1.54d software.  

The thermal conductivity (λ) of the foam 

composites was determined using a QTM-500 quick 

thermal conductivity meter in accordance with ASTM 

C518-10 and rectangular specimens (100×50×20 

mm). 

The dimensional stability of foam composites 

was analyzed by conditioning samples (40×40×5 mm 

blocks) at 70 ± 2 °C and −79 ± 2 °C in accordance with 

ASTM D 2126-09. The conditioning period of one, 

seven, and 14 days was undertaken, with the 

dimensions of length, width, and thickness measured 

before and after treatment with digital calipers. The % 

linear changes were calculated with the following 

equation. 

 

𝐿𝑖𝑛𝑒𝑎𝑟 𝐶ℎ𝑎𝑛𝑔𝑒𝑠 (%) =  
𝑉2−𝑉1

𝑉1
 𝑥 100%          (1) 

 

where, 

V1  =  The dimensions before conditioning (mm) 

V2  =  The dimensions after conditioning (mm) 

 

The energy efficiency study was carried out 

based on the obtained thermal conductivity value. 

Calculations were carried out assuming the basis of 

room area at 24 m2 (length of 4 m, width of 2 m, and 

height of 3 m). The air conditioning (AC) was 

assumed to be used for 8 hours per day. In this work, 

it is assumed that the wall with insulation has an outer 

and inner composition of concrete. Hence, the 

calculation of the total thermal resistance is 

summarized in Table 2. Additionally, to calculate the 

energy cost, the electricity cost is assumed at a price 

of 0.08 USD/kWh. The energy consumption was 

calculated using the equation below. 

 

𝐸𝑛𝑒𝑟𝑔𝑦 (𝑊ℎ) = 𝑈 ×  𝐴 ×  𝛥𝑇 ×  𝑡          (2) 

 

𝑈 =
1

𝑅𝑡𝑜𝑡𝑎𝑙
                      (3) 

 

𝑅 =
𝑚

𝜆
                             (4) 

 

where, 

U   =  Thermal transmittance (W/m2K) 

R   =  Thermal resistance (m2K)/W) 

 𝜆   =  Thermal conductivity (W/mK) 
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m =  Thickness of insulation (m) 

A =  Building areas (24 m2) 

𝛥𝑇 =  Temperature changes (5 ℃) 

t =  Time to use AC (8 h) 

 

Greenhouse gas (GHG) emissions were 

calculated based on the comparison between the 

quantity of CO2 release of the obtained RPUF 

composites and conventionally used wall material 

made of wood and concrete respectively. The carbon 

dioxide (CO2) gas emissions were calculated using the 

equation below. 

 

𝐶𝑂2 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 = 𝐸 𝑥 𝐸𝐹                  (5) 

 

where,  

E = Energy consumption (kWh/m2) 

EF = Emission factor (0.39 kg CO2/kWh) 

 

Table 2: Wall structure.  

Materials 
Thickness Wall (m) 

Rtotal 
Internal Insulation  External 

Without Insulation 

Concrete  0.050 - 0.050 0.05 

Wood 0.050 - 0.050 0.77 

With Insulation 

RPUF-CNC 0.025 0.050 0.025 1.54 
F0 0.025 0.050 0.025 1.74 

F0.5 0.025 0.050 0.025 1.88 

 

3 Results and Discussion 

 

3.1  Foaming behavior of composites 

 

The foaming behavior of the foam composites requires 

numerous phases, each monitored simultaneously 

(Figure 1). The foaming behavior is influenced by 

various factors, including the type and concentration 

of fillers, processing conditions, and formulation of 

the polyurethane. Understanding foaming behavior 

can optimize the processing condition leading to the 

production of high-quality RPUF-CNC composites 

with consistent properties. The foaming behavior 

parameters of rigid polyurethane foam (RPUF) 

composites include cream time, gel time, free-rise 

time, and tack-free time. They are also used to 

determine the processing conditions including stirring, 

pouring, and curing times [31]. The cream time is the 

first phase that occurs when part A and part B are 

mixed, and gas bubbles begin to develop. A longer 

cream time can result in a higher density and smaller 

cell size, which can improve the thermal insulation 

and mechanical properties of the composite. However, 

excessively longer cream time can lead to over-

foaming, resulting in a lower density influence on 

reduced thermal and mechanical properties [32]. The 

gel time, which is the time required for the foam to 

reach its gel point, is critical in determining the final 

microstructure and properties of the RPUF-CNC 

composites. Increasing of gelling time can result in 

smaller cell size and improved thermal properties [33]. 

The free-rise time represents the time of the optimal 

expansion of the foam. The tack-free time can be 

considered to be the point at which the surface of the 

foam has dried out and no longer retains any 

stickiness, hence indicating that the foam has 

completely cured [34]. In general, gelling time can 

influence free-rise time and tack-free time as it relates 

to the formation of nucleation sites for bubble 

formation [32]. Table 3. shows the time of foaming 

behavior of the RPUF composites.  

 

 
Figure 1: shows the foaming behavior of RPUF-CNC 

composites. 

 

Table 3: Foaming behavior of RPUF composites. 

Samples  
Cream 

Time (s) 

Gel 

Time (s) 

Free-rise 

Time (s) 

Tack free 

Time (s) 

F0 
38.52 ± 

0.12 
219.67 ± 

0.79 
411.42 ± 

2.55 
721.00 ± 

1.11 

FC0,25 
39.48 ± 

0.06 

216.53 ± 

0.88 

412.29 ± 

5.81 

734.05 ± 

0.91 

FC0,5 
39.49 ± 

0.70 

218.69 ± 

2.39 

414.18 ± 

5.18 

737.80 ± 

3.33 

FC0,75 
40.57 ± 

0.58 
222.22 ± 

0.02 
425.78 ± 

2.32 
732.36 ± 

3.13 

FC1 
41.15 ± 

1.00 

226.70 ± 

3.36 

430.69 ± 

1.83 

738.88 ± 

2.31 
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Figure 2: Effect of CNC as a nucleation agent in 

bubble formation. 

 

 
Figure 3: FTIR spectra of RPUF-CNC composites. 

 

The outcomes of the study indicated that the 

addition of CNC increases the foam formation time. 

This result is largely related to CNC as a nucleating 

agent. The increase in reinforcement content affects 

the reaction kinetics and phase separation. The 

polymerization rate of PU during foam formation and 

cellular structure development becomes slower 

compared to the control RPUF (FC0) without any 

CNC. The addition of fillers to the system decreases 

the isocyanate conversion rate during the initial stages 

of the reaction. Additionally, the presence of fillers 

causes a decline in molecular mobility, leading to 

longer cream time and tack-free time [35].  

The foaming mechanism upon the addition of 

CNC to RPUF highly affects the creation of nucleation 

sites during bubble formation as depicted in Figure 2. 

The mechanism underlying nucleation to cell size 

involves the rate of nucleation site formation and 

subsequent cell growth from these sites. When the 

nucleation rate is high, a large number of small nuclei 

are formed, and each of them is developed into a small 

cell due to limited resources and space for growth. 

Conversely, when the nucleation rate is low, a smaller 

number of nuclei are formed, allowing each nucleus to 

grow larger as it has more resources and space 

available. The interaction between the nucleation rate 

and the availability of resources for cell growth 

determines the final size and distribution of the cells. 

In addition, the presence of CNC is expected to result 

in the formation of the intermolecular network 

between CNC and polyurethane, as well as 

intramolecular hydrogen bonding among CNCs. This 

results in a longer foaming time (Table 3) and reduces 

the cell size and thus the increase in solid polymeric 

network packing density of the RPUF, leading to the 

improvement in the mechanical properties [32]. The 

effect of CNC incorporation on the morphological 

structure of RPUF composite is discussed further in 

the following discussion. 

 

3.2  Fourier transform infrared (FTIR) of composites 
 

The FTIR analysis was used to identify the functional 

group of the foam composites, as reported in Figure 3. 

The vibration band at wavenumber 3288 cm–1 

corresponds to the stretching of the aliphatic primary 

amine functional group (N-H). The asymmetric 

vibration band at wavenumber 2930 cm–1 is 

characteristic of aliphatic CH2  [36].  In comparison to 

other studies that identified NH stretching groups at 

wavenumbers 3310 cm–1 [37] and 3336 cm–1 [38], this 

peak is typically observed within the range of 3300–

3400 cm–1. Its presence is indicative of the presence of 

urethane linkage in polyurethane. Moreover, the 

wavenumber of 1720 cm–1 is characteristic of the 

carbonyl group (C=O) of isocyanate and polyurethane. 

The chemical linkage of C=O and C-O-C is 
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representative of the urethane bond in the gelling 

reaction. The vibration band at 1510 cm–1 indicates the 

bending of the N-H groups in polyurethane, while a 

wavenumber of 1235 cm–1 indicates C-O-C stretching. 

The blowing reaction is a reaction between the amine 

and carbonyl group resulting in CO2. Finally, the 

wavenumber 1079 cm–1 corresponds to the stretch of 

the C-O bond.  

 

 
Figure 4: Reaction during polyurethane formation. 

 

The formation of RPUF involves two main 

reactions, namely the gelling reaction and the blowing 

reaction, and is explained in Figure 4. During the 

gelling reaction, isocyanate reacts with a polyol to 

produce urethane bonds, which increase the molecular 

weight of the polymer. In contrast, during the blowing 

reaction, isocyanate reacts with air to produce amines 

and carbon dioxide. Subsequently, amines undergo a 

chemical reaction with isocyanates, resulting in the 

formation of urea linkages and the release of carbon 

dioxide. This process leads to the development of 

foam and the expansion of the material, providing a 

cellular structure [39]. 

In general, the presence of hydrogen bonds upon 

adding nanofiller such as CNC in the polymer matrix 

could be observed by the shifting of the vibration or 

the peak position in the FTIR analysis. The higher the 

number of hydrogen bonds formed, the greater the 

possibility of shifting the peaks depending on the 

interaction and surrounding groups [40], [41]. Figure 3 

shows that there are two shifting vibrations observed 

in the FTIR spectrum of wavenumbers 1800–1200 

cm–1 normalized to absorption. First, the carbonyl 

group (C=O) at wavenumbers of 1724 cm–1 to 1706 

cm–1 for control RPUF (FC0) and RPUF-CNC 

composite (FC0.5), respectively. Secondly, there is also 

the shifting of N-H bending from 1508 cm–1 to 1510 

cm–1 indicating the existence of a hydrogen bond 

interaction between the H atom on the amine group of 

polyurethane and the O atom on the OH group of 

CNC. In agreement with other studies, the addition of 

CNC which is rich in hydroxyl groups in polyurethane 

matrix has been reported to induce a shifting peak of 

surrounding groups closed by the hydrogen bonds 

interaction at 1707, 1600, and 1528 cm–1 

corresponding to C=O, C=C, and N-H functional 

groups (as depicted in Figure 5) in urethane bonds [37]. 
 

 
Figure 5: Hydrogen bond interaction between 

polyurethane and CNC. 

 

3.3  Surface morphology analysis of composites 

 

The structure of composite foam is typically polygonal 

consisting of dominant closed cells. A recent study 

revealed that the addition of more CNC mass leads to 

a reduction in cell size. There is a noticeable difference 

in cell size both parallel or perpendicular to the foam 

rise between RPUF control without any CNC and 

RPUF composite with CNC inclusion. The decrease in 

cell size is caused by one of the CNCs acting as a 

nucleating agent and controlling bubbles from 

merging [25]. 

The sizes of control RPUF and RPUF-CNC 

composites are displayed using a Scanning Electron 

Microscope (SEM) analysis in Figure 6. The 

perpendicular pore size is lower than the parallel from 

the rise. This difference is simply due to a common 

phenomenon in polyurethane foam during foam 

formation and processing. During the foaming 

process, the foam rises through the cells are formed by 

the expansion of the gas bubbles parallel to the foam 

rise, which leads to larger and more variable cell sizes. 

As discussed previously in the kinetic study, the 
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presence of CNC in RPUF functions as a nucleating 

agent, that increases the number of cell formation 

starting points during the polyurethane (PU) foaming 

process. This increases the number of cells and a 

reduction in the average cell size (Figure 2). This 

reduced cell size, consequently increases in packing 

density leading to the higher density of the foam, 

which can improve its mechanical properties. The 

change in morphological structure, as noted by the 

reduced size of the RPUF foam cell upon the addition 

of CNC, significantly affects the performance of 

RPUF, which is further discussed in the following 

section. The addition of 0.5 wt% CNC (FC0.5) 

decreased cell size from 818 to 761 μm (6.97%, by 

parallel foam rise) and from 792 to 569 μm (28.16%, 

by perpendicular foam rise). This is related to the 

interconnections in the cellular structure, which causes 

a smaller cell-size foam with the addition of CNC [42]. 

Additionally, the distribution of struts through the 

foam could affect the thermal insulation properties. 

The struts reduce the rate of gas diffusion, resulting in 

a decrease in thermal conductivity [6]. The cell size 

distribution of the RPUF-CNC composite is shown in 

Figure 7. The cell size distribution in the perpendicular 

RPUF is more homogeneous than in the parallel 

RPUF. This is attributed to a more homogeneous 

nucleation and growth process. This homogeneity is 

likely to improve the thermal insulation properties of 

the foam, as a more homogeneous cell size traps gas 

more effectively and reduces thermal conductivity.  

 

3.4  Mechanical properties of composites 

 

The density of foam is largely affected by its structure, 

as the higher density is attributed to a denser structure. 

The compressive strength of foam is also heavily 

influenced by its density, which is related to the bonds 

formed and the morphological structure of the foam. 

According to the results obtained, the resulting 

composite has a density of around 37–39 kg/m3, which 

is in line with the typical thermal insulation 

specifications for buildings between 30–40 kg/m3. The 

addition of low loading of CNC did not provide a 

significant change in density. 

 

 
Figure 6: SEM image of the surface area of RPUF 

without and with CNC in the direction parallel to the 

foam rise (↑rise). 

 

 
Figure 7: Distribution of cell sizes of RPUF-CNC 

composite.  
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Figure 8: Mechanical properties of RPUF-CNC 

composite. 

 

The compressive strength and Young’s modulus 

of the RPUF reinforcement CNC from OPEFB 

composites are summarized in Figure 8. The results 

showed that the compressive strength for parallel to 

foam rise of control RPUF without nanofillers 

increased by 23.53% from 0.17 MPa to 0.21 MPa 

upon the incorporation of 0.5 wt% of CNC. In 

addition, the improvement of compressive strength for 

perpendicular foam rise was also observed by 20% 

from 0.10 MPa to 0.12 MPa. Furthermore, there are 

significant improvements in Young’s modulus by 

33.77% and 30.39% for parallel foam rise and 

perpendicular foam rise, respectively. These are due to 

the smaller cell sizes, which increase the packing 

network interconnection [17]. Compared to other 

research, for example, CNC from algae can increase 

the compressive strength of RPUF by 4.52% [23]. 

Meanwhile, the CNC from cotton has been reported to 

significantly improve the RPUF by 1.2% [25]. In this 

work, the enhancement in mechanical properties upon 

the incorporation of CNC from OPEFB in RPUF is 

significantly greater than that of RPUF reinforced with 

CNC derived from algae and cotton. 

3.5  Thermal insulation properties of composites 

 

The thermal insulation properties are characterized by 

the thermal conductivity value. The thermal 

conductivity analysis determines how well a material 

can transfer heat from one place to another. This is 

significant when considering its function as thermal 

insulation. The smaller the thermal conductivity value 

of a material, the better it can serve as thermal 

insulation. The thermal conductivity coefficient is one 

of the basic parameters of RPUF. The thermal 

insulation materials currently available on the 

commercial market have a coefficient of thermal 

conductivity of between 0.02 and 0.04 W/(m⋅K) 

coefficient. Thermal conductivity is a complex 

property that is influenced by multiple factors. The 

primary contributors to this property can be broadly 

classified into three categories: conduction through 

the polymer phase, conductivity through gases that 

have been trapped in closed cell structures, and 

intercellular radiation [33]. First, conduction through 

the polymer phase is influenced by chain structure and 

polymer matrix. The chain structure includes 

crystallinity, orientation, and crosslinking density. 

Crystalline regions have higher thermal conductivity 

due to the ordered molecular structure, whereas 

amorphous regions have lower conductivity due to the 

disordered molecular structure. Second, conductivity 

through gases that have been trapped in closed cell 

structures can significantly enhance thermal 

conductivity because gases have a higher thermal 

conductivity than the polymer. Third, inter-cellular 

radiation or thermal radiation leads the heat transfer.  

For the case of the conductivity through gas that 

has been trapped in a closed cell structure, it does not 

have a significant effect in this work because the same 

blowing agent was used for all formulations. In this 

work, the addition of CNC affects the thermal 

conductivity based on the conduction through the 

polymer phase and thermal radiation. Conduction 

through the polymer phase occurs in connection with 

the addition of CNC as a nucleation agent which can 

increase the initial amount of nucleation in foam 

formation so that the cell size becomes smaller (Figure 2). 

In the case of thermal radiation, the influencing factor 

is the cell dimensions. Radiation is the transfer of heat 

by electromagnetic waves, such as infrared light. 

These waves can travel through both air and struts. 

When the cell size is reduced and the number of supports 

is increased, the radiation transmitted through the 

struts is limited.  
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Figure 9: Thermal conductivity of RPUF-CNC 

composites. 

 

Figure 9 presents the thermal conductivity values 

of the RPUF composite at different concentrations 

upon CNC addition at varied concentrations. The 

optimum properties of RPUF composite are obtained 

with the addition of 0.5% CNC, at a conductivity value 

of 0.0263 W/mK equal to improve the thermal 

insulation property by 9.95% compared to foam 

composite control, which is relatively higher than 

other studies of RPUF composite reinforced with CNC 

from microcrystal cellulose by 0.0333w/mK 

insulation performance [22]  and from CNC 

commercial at 0.0441 W/mK insulation performance 

[43]. In addition, the use of nanographene at 0.3% as 

a filler in RPUF has been reported to reduce the 

conductivity by 2.1% compared to the control [44].  

As discussed previously, this is because smaller cells 

lower the amount of heat that can be transported 

through the foam by conduction and radiation, 

resulting in improved thermal insulation. The presence 

of CNC on the strut [Figure 6] increases the length of 

the heat transfer path and decreases the radiative 

conductivity. Moreover, the homogeneous and smaller 

cells reduce the thermal conductivity by limiting the 

heat transfer path through the gas phase and solid 

phase of the foam.  

 

 
Figure 10: The percentage linear change per unit of 

mass at temperatures of 70 ± 2 °C and −79 ± 2 °C 

following exposure. 
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3.6 Dimensional stability  

 

The dimensional stability was determined based on 

linear length, width, and thickness changes. The 

analysis of dimensional stability is of significant 

importance for the properties of polyurethanes in the 

context of building material standards that can be 

functionally used in both extremely low and high 

temperatures. The data imply their durability of 

practical use when the RPUF is applied at extreme 

temperatures. We provide the industrial requirements 

based on BS4370: Part 1: 1988 for building panels 

showed that the linear changes of building panels 

tested under extreme temperature over 24 h, should be 

fewer than 3% and 1% linear changes at 70 °C and –

15 °C, respectively [33]. Figure 10 shows that the 

results of the dimensional changes under extreme 

temperature exposure at both −79 ± 2 °C and +70 ± 2 

°C are below 3%. This finding is consistent with the 

results of previous research, that the incorporation of 

CNC from wood on the RPUF can enhance 

dimensional stability in comparison to the control 

sample, which was tested in freezing (–25 °C) and 

heating (60 °C) conditions [45]. In comparison to 

other insulation materials such as concrete, wood, 

brick, and extruded polystyrene foam (EPS), the 

recommended linear change of this work is also within 

similar specifications at less than 2% [46]. 

 

3.7  Efficiency energy studies of RPUF composite 

as thermal insulation material for building 

 

Implementing thermal insulation in the built 

environment has been identified as an effective means 

of achieving energy efficiency and conservation. A 

suitable selection of appropriate wall insulation 

materials could result in a reduction in the initial 

investment and the total energy consumption of the 

building over its entire life cycle [47]. The calculation 

of energy efficiency of the obtained RPUF insulation 

was compared to conventional buildings including 

concrete and wood material. Table. 4 explains the 

energy consumption from various wall materials. It 

resulted that the use of insulation material in building 

walls can reduce electrical energy. The influence of 

adding CNC to the RPUF (FC0.5) could increase 

energy saving and efficiency as noted by the reduction 

of energy consumption from 19.20 kWh and 1.25 kWh 

by using concrete and wood, respectively into 

significantly lower of 0.51 kWh by using optimum 

RPUF-CNC insulating material. In this work, the use 

of insulating material based on a room area of 24 m2 

can reduce the greenhouse gas (GHG) emissions at 

218 kg CO2 and save up to 284 kWh in comparison to 

a room without insulation. A comparison with another 

study that uses wooden PU-CNC composite [22], 

utilizing OPEFB RPUF-CNC composite as insulation 

material can reduce energy consumption by 18.24% at 

0.12 kWh/room area of 24 m2 which equals a saving 

on monthly costs at 0.73 USD. The application of 

thermal insulation to buildings has been identified as 

an effective method for achieving cost-effective 

energy conservation. The selection of appropriate 

insulation composite materials can result in a 

significant reduction in energy consumption and 

monthly electricity costs. Further, the utilization of 

RPUF-CNC composite as a thermal insulator offers a 

potential reduction in monthly electricity costs by up 

to 119 USD in comparison to conventional houses 

made of concrete walls as shown in Table 4. 

 

Table 4: Energy and cost efficiency study. 
Characteristics Concrete Wood PU-

CNC 

FC0 FC0.5 

Density (kg/m3) 2400 670 336 38 38 

Thermal 

Conductivity 

(W/mK) 

2.000 0.130 0.033 0.029 0.027 

Thermal 
Transmittance 

(m2K)/W) 

20 1.3 0.86 0.76 0.71 

Energy (kWh) 19.20 1.25 0.63 0.55 0.51 

Energy (kWh/m2) 0.8 0.052 0.026 0.023 0.021 

Monthly cost (USD) 122.8 7.99 3.99 3.54 3.26 

CO2 gas emissions 
(kg CO2/m

2) 
0.312 0.021 0.010 0.009 0.008 

Reference [48] [48] [22] This 

work 

This 

work 

 

3.8  Greenhouse gas emissions  

 

A recent estimate suggests that up to 40% of Global 

Greenhouse Gas (GHG) emissions can be attributed to 

activities of the Architecture, Engineering, and 

Construction industry (AEC) industry [49]. The 

massive amount of required insulated building's fuel 

usage comes significantly to maintain the desired 

temperature for comfortable human activity. The right 

selection of insulation materials might help not only to 

minimize heat loss through the building envelope but 

also mitigate gas emissions issues. The combustion of 

fuel energy produces atmospheric gases (e.g., CO2, 

SO2, CO, H2O) [50]. The calculation of energy 

efficiency and its contribution to the reduction of 

greenhouse gas (GHG) emissions is calculated in the 

Table 4. The overall analysis shows that RPUF-CNC 
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composite at optimal formulation FC0.5 can contribute 

to the reduction of GHG at 0.31 and 0.02 kg CO2/m2 

compared to concrete and wood, respectively. 

Furthermore, the use of insulating material based on a 

room area of 24 m2 can reduce the greenhouse gas 

(GHG) emissions of 7.3 kg CO2 in comparison to a 

room without insulation. In comparison with another 

study, this present work on RPUF composites 

containing CNC from OPEFB at 0.5 wt% (FC0.5) 

showed a higher reduction of GHG emissions by 0.002 

kg CO2/m2 equivalent to 0.05 kg CO2 based on a room 

area of 24 m2 than RPUF reinforced with CNCs 

derived from wood [22]. Further, the utilization of 

OPEFB waste into value-added additives in RPUF 

also drives the reduction of CO2 emissions related to 

waste reduction in the environment.  

 

4  Conclusions 

 

RPUF composite foams reinforced with different 

concentrations of CNC derived from biomass waste of 

oil palm fruit empty bunches (OPEFB) at various 

concentrations from 0.25% up to 1% were 

successfully produced as a promising insulation 

material to boost the energy efficiency of buildings. 

The results presented demonstrated that incorporating 

CNC enhanced the thermal insulation and the 

mechanical properties. The results demonstrated that 

incorporating CNC enhanced the thermal insulation 

and the mechanical properties. It can be concluded 

from the results that the addition of 0.5 wt% CNC to 

RPUF composite foams optimally improved the 

compressive strength by 23.53% and thermal 

insulation properties by 9.95% compared to neat foam 

composite without CNC. Based on the study on energy 

efficiency, RPUF composites at 0.5 wt% CNC 

resulted in an enhancement of energy efficiency in 

buildings at up to 0.78 kWh/m2 and 0.031 kWh/m2 

compared to buildings using concrete and wood, 

respectively. For the case of GHG reduction, the CNC 

incorporation in RPUF composite reduced greenhouse 

gas (GHG) emissions by 110 and 7.2 kg CO2/year in 

comparison to conventional walls made of concrete 

and wood, respectively. For long-term impact, the use 

of slabs RPUF reinforced from CNC derived from 

OPEFB, at 24 m2 could significantly reduce 110 kg 

CO2/year/house. As previous report, insulated foam 

material could be used for up to 50 years, hence the 

long-term use of RPUF-CNC OPEFB could 

significantly achieve a reduction of 5.5 ton CO2, 

equally saving up 74,752 kWh savings/room at the end 

of its useful life. Utilizing CNC derived from OPEFB 

contributes to the improvement and mitigation of 

environmental concerns. This sustainable approach 

aligns with green building technologies, promoting the 

use of environmentally friendly materials, and 

reducing their long-term environmental impact. 

Moreover, the application of RPUF-CNC composites 

as thermal insulation in buildings offers a promising 

solution in terms of enhancing energy efficiency, 

reducing energy operational costs, and decreasing 

greenhouse gas emissions. Further investigations 

should include the life-cycle assessment and 

production cost of developed materials (CNC and 

RPUF-CNC slabs) to provide a comprehensive 

analysis of the potential use of OPEFB RPUF-CNC 

and its impact on GHG reduction for scientific 

recommendation of energy-efficient systems and 

implementation of sustainable practices.  
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